Landing-gear noise is an increasing issue for transport aircraft. A key determinant of the phenomenon is the surface pressure field. Previous studies have described this field when the oncoming flow is perfectly aligned with the gear. In practice, the frequent presence of large-scale wind variations introduces the possibility of a quasi-steady cross-flow component; here its influence is investigated experimentally for a generic, two-wheel, landing-gear model. It is found that yaw angles as small as 5° cause significant changes in both overall flow topology and unsteady surface pressures.
Introduction
Landing-gear noise is now widely recognised as a significant contributor to the sound radiated by transport aircraft on approach. Increasing research effort is thus being devoted to the problem; the overview of work to date given in Ref. [1] can briefly be summarised as follows. One strand of the literature, starting with the pioneering study of Heller and Dobrzynski [2] , has focussed on experimental noise measurements alone. Later instances of this approach assessed the benefits of various noise-reducing modifications [3] [4] [5] [6] [7] . Meanwhile, other investigations [8] [9] [10] sought to understand the noise-generation process by elucidating the local flow field. More recent programmes have generated datasets which address both aspects; notable here are the LAGOON project [11] [12] [13] [14] [15] [16] [17] and the experimental part of the Rudimentary Landing Gear (RLG) initiative [18] . Computational techniques are also now routinely applied to the landing-gear noise problem; the LAGOON dataset has been the basis for significant validation efforts [12] [13] [14] [15] [16] [17] , as has the RLG [19, 20] . Nonetheless, the fundamental determinant of the noise radiated by the gear -the surface pressure field ( [12, 13] ) -is difficult to predict reliably, and this was the motivation behind the work described in Ref. [1] .
A notable omission from the current literature is information on the effect of cross-flow. In practical operation, continuous cross-flow is usually eliminated by performing a 'crabbed' approach, in which the aircraft is aligned with the resultant, 'effective', wind vector. However, side-winds are inevitably variable to some extent, and it is possible to envisage gusts whose time-scale is too short for the aircraft orientation to adjust, but is long enough for quasi-steady flow to be established around the gear. Indeed, tests with the gear yawed at 5° were included in the LAGOON programme [11] , but results from these configurations have not, to the authors' knowledge, been reported. Nor, equally, does similar information appear to be available elsewhere.
Hence it is natural to ask how yaw affects the surface pressure measurements of Ref. [1] . These were taken on a two-wheeled landing-gear model in the unyawed configuration. In this paper, the results for 5° and 10° yaw are considered. The focus is on aspects that differ noticeably due to the associated cross-flow, and their potential significance in the context of landing-gear noise.
Experimental setup and apparatus
Details of the landing-gear model, wind-tunnel facility, and experimental procedure have already been communicated [1] . Therefore, only a brief summary is presented here.
The model is an idealised, quarter-scale, representation of a two-wheeled main landing gear, with wheel diameter 0.36m and overall width 0.5m. Shallow wheel cavities are included, and the tyre region has a realistic profile. Both these features can be observed on the cross-sectional schematic presented in Fig. 1 .
Also shown in Fig. 1 is the instrumentation relevant to this paper: 46 low-cost pressure sensors in a radial plane (transducers 9-31 and 34-56). The angular location of the transducer plane can be varied by rotating the wheels. The sensors are embedded in 4mm-diameter internal cavities a short distance (generally less than 2mm) behind a 0.8mm surface orifice. The typical distance from model surface to transducer diaphragm is 3.5mm, ensuring negligible resonance and lag effects. The measurements are referenced to the pressure in the (airtight) interior of the model, which is in turn monitored relative to atmospheric conditions. Signal conditioning is provided by custom-designed miniature printed-circuit boards integrated onto each sensor.
Transducer calibration was carried out for both steady and dynamic response, using a purpose-built rig. Maximum mean-pressure deviations were found to be less than ±5% of full-scale output, within a 95% confidence interval. The dynamic response is near-flat up to approximately 2.5kHz, with a resonance in the region of 4.25kHz. An upper measurement limit of 3.5kHz was chosen; at this point, the maximum amplitude variation of any one transducer was within ±1.8dB.
The wind-tunnel facility has a closed test section of size 1.68m x1.22m (giving a model blockage, based on frontal area, of 7.5%). The turbulence level is 0.2%. The operating flow speed was 30m/s, corresponding to a Reynolds number (based on wheel diameter) of 7.4x10 5 . This is approximately one-tenth of the value for a full-scale aircraft on landing approach. The model was mounted on a support under the tunnel floor, with a two-piece, flat-plate aluminium cover placed over the exposed opening to minimise aerodynamic disturbance. As in the unyawed study, no artificial transition fixing was employed. This is contrary to the approach taken for the LAGOON [11] and RLG [18] studies, where the surface boundary layer was tripped. However, in both those cases, the aim was to ensure well-defined and predictable behaviour for computational validation, rather than to provide a faithful reproduction of the boundary-layer evolution at full scale.
Indeed, the state of the boundary layer in a full-scale landing-gear flow has not yet been definitively established. Despite the high Reynolds number, transition on the upstream-facing surfaces cannot automatically be assumed, as the pressure gradients in these regions are highly favourable. Instead, it could be associated with the large-scale flow separations and reattachments imposed by the bluff wheel geometry. If so, a free-transition configuration becomes appropriate.
Complete surface pressure maps were obtained by rotating the wheels through 360° in 20° steps.
The pressure signals were low-pass filtered with 5.5kHz cut-off frequency and sampled at 12kHz.
Spectral data are presented here for frequencies from 10Hz to 3.5kHz. The acquisition time at each angle was 10s. Figure 2 shows the mean pressure on the landing-gear surface. The quantity plotted is the pressure coefficient, ! , defined as the gauge pressure non-dimensionalised on the free-stream dynamic pressure. Angle values in the plots refer to the azimuthal coordinate θ, which varies from 0°
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Mean pressure distributions
(upstream) to 360° through wing-side (WS, at 90°), downstream (180°) and ground-side (GS, at 270°).
In the first column are the zero-yaw results reported previously [1] . There the following notable features were identified: stagnation regions on the belts (A) and axles (B); strong suction on the outboard leading edges (C); broad minima and maxima associated with the swirling wake flow (D-F);
variations due to the sidewall geometry (G, K); axle influence on the inboard faces (J, L). These data imply a classical three-dimensional, vortical-wake, bluff-body flow, with separation bubbles on the outboard leading edges. Similar bubbles are either absent or negligible on the inboard leading edges, because of flow outboard deflection associated with strut and axle blockage. Reattachment after the outboard-edge bubbles is implied by the subsequent pressure recovery, and has been confirmed via other measurements [1] . On the same basis, the outboard-face hub regions were identified as weakly separated. Figure 3 (a) presents a schematic summary of this description.
The second and third columns in Two other, less marked, differences should also be noted. First, the initially small suction peak on the inboard leading edge of the windward wheel develops to become a more notable feature (C*).
Also on this wheel, the suction associated with flow accelerating around the inner edge into the wake (F) is reduced (F**), while a new counterpart (F*) appears on the outer edge. These changes are consistent with the modified direction of the oncoming flow. Further insight into the leading-edge and wheel-face flows is provided by Fig. 4 , which shows line plots of the mean pressure along the θ = 0° position. The curves on the left (transducers 34-56) are for the windward wheel, and those on the right (transducers 9-31) for the leeward. The collapse of the outboard suction peak on the leeward wheel is immediately evident, as is its more gradual reduction on the windward wheel. This wheel's inboard-edge suction-peak growth can also be observed. More subtly, the corresponding peak on the leeward wheel reduces as the model is yawed. Fig. 4 The influence of yaw on the mean pressure coefficient over the wheels and axles for θ = 0°. Left side is windward, and right leeward.
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Finally, Fig. 5 shows the mean-pressure line plots at θ = 220°. On the windward wheel, the increase in suction at F* is evident for transducer 50, and the reduction at F** covers transducers 42-45. For the leeward wheel, transducers 25-31 clearly show the dramatic impact of yaw on the outboard-face flow.
The yawed-flow topology deduced from these observations is shown schematically in Fig. 3(b) .
Note the inboard-leading-edge separation bubble on the windward wheel. This is inferred in part from the aforementioned suction peak there, but also from other evidence presented subsequently. Fig. 5 The influence of yaw on the mean pressure coefficient over the wheels and axles for θ = 220°. Left side is windward, and right leeward.
Root-mean-square pressure distributions
The rms-pressure results are shown as surface plots in Fig. 6 . On the leeward wheel, the high levels associated with the outboard-leading-edge separation bubble (A) are eliminated by yaw (A*),
suggesting that the flow, although separated, is now less energetic. Downstream, the unsteady pressures no longer drop sharply (B), instead rising gradually over the region denoted by B*. This provides further support for persistent flow separation here. Interestingly, though, the levels are higher at 5° yaw than at 10°. It seems unlikely that the separated flow is significantly less energetic at the larger angle, so this probably implies that the regions with strong unsteadiness are simply further from the wheel, and hence have less impact on the surface pressures.
Meanwhile, on the windward wheel, the continued presence of a separation bubble at the outboard leading edge is confirmed by the persistence of raised rms levels in this area (C). However, the magnitude reduces with increasing yaw, in line with the behaviour of the mean-pressure suction peak.
Downstream, there is a slight reduction in unsteadiness on the outboard face (D*), consistent with elimination of the weakly separated hub flow that is present at 0° yaw (D). Such a development would be a plausible outcome of the change in oncoming flow direction. On the inboard leading edge, the previously noted growth of a suction peak appears not initially to be matched by a comparable increase in unsteadiness; the rise (from E to E*) only becomes obvious at 10° yaw. However, closer examination of this region on the θ = 0° line (Fig. 7, transducer 43) shows that the rms pressure does in fact also increase between 0° and 5° yaw, suggesting that a separation bubble is now definitely present. The outboard-leading-edge rms, on the other hand, decreases rather little with yaw, and much less than the mean suction there (cf. Fig. 4 ). Also evident on this wheel are increased PT 39 levels (F*), as the flow passes from the sidewall to the hub on the inboard face. This is a region where separation might be expected, so the presence of a peak is unsurprising, but its growth with yaw (from F) is interesting because the mean pressure gradients in this region appear not to change significantly (Fig. 4) . Hence the incoming flow must be more vulnerable, due to having undergone the altered leading-edge conditions.
Finally, examination of the downstream belt regions in Fig. 6 (especially on the leeward wheel)
show that yaw also affects the wheel wakes. In general, it is difficult to give a straightforward characterisation of the changes, but note that the increase in mean suction at F* (Fig. 2 ) corresponds to raised rms levels in this region. Similarly, but more subtly, the decrease in mean suction at F** is associated with a slight drop in rms levels. Fig. 7 The influence of yaw on rms pressure coefficient over the wheels and axles for θ = 0°. Left side is windward, and right leeward.
Pressure spectra
For reasons of space, only a subset of transducer spectra is presented here. The instances chosen either show extensive variation with yaw, or illustrate a point of specific interest. The remaining, omitted, spectra are only weakly affected by yaw. To allow visual comparison of the relative importance of different frequency ranges, the results are plotted as energy per unit of log-frequency (cf. Appendix).
Inboard edges
Spectra at the wheel inboard edges are shown in Fig. 8 , which plots the results for PT 19 (leeward) and PT 44 (windward). As might have been expected from the mean-and rms-pressure results, yaw has little effect in the downstream arc; only on close inspection are the changes associated with the region F** (on Fig. 2 ) visible as reduced PT 44 low-frequency levels around θ = 220°. However, notable differences are evident upstream for this transducer, and these are consistent with the postulated leading-edge flow evolution, from attached to separation-bubble. On the leeward wheel, the benign influence of cross-flow is manifested in reductions in high-frequency levels at upstream locations. Fig. 8 Influence of yaw on the pre-multiplied pressure spectra at the wheel inboard edges. Figure 9 shows the spectra for the transducers just outboard of the belt centre-lines, PT 23
Belt regions
(leeward) and PT 48 (windward). Although rms-level variations in other parts of the belts are evident in Fig. 6 , they typically correspond to spectrum changes at the lowest frequencies only, without other notable features (cf., for example, the data for PT 48 at θ = 200°). Transducers 23 and 48, however, are of interest because in the unyawed case they exhibit raised high-frequency levels at θ = 120° and θ = 240°. These correspond to 'inner vortex rollup attachments' [1] , i.e. impingement regions for the flow swirling into the wake from between the wheels. The spectra for PT 48 at θ = 120° show a significant high-frequency drop due to yaw, which is consistent with the change in direction of the oncoming flow (tending to oppose swirling from the inner region back onto this wheel's belt).
Interesting, though, is the lack of commensurate reduction at θ = 240°. This suggests that the increased mean suction and rms pressure outboard of this region corresponds to the development of an outer vortex, whose flow impingement replaces that of the previous inner vortex. Fig. 9 Influence of yaw on the pre-multiplied pressure spectra at the belt centres.
On the leeward wheel, one would expect the inner vortices still to be present and, if anything, strengthened by yaw. Certainly, the PT 23 spectra at θ = 120° and 240° confirm their continued existence, but there is little change in high-frequency levels. There are, however, noticeable midfrequency increases at and around these angles. Figure 10 shows the transducer spectra from the belt outboard edges to the outer hub centres. The leeward wheel is considered first. Transducer 25 is located at the very edge of the belt. Here all but the downstream-quadrant spectra exhibit marked increases with yaw across almost all frequencies.
Outboard edges and faces
This is consistent with the deduction from the mean-and rms-pressure results, namely earlier flow separation in the yawed cases. In contrast, only faint, high-frequency, traces of the developing leading-edge separation bubble are visible in the unyawed spectra.
By PT 26, on the sidewall, the unyawed flow is also separated in the upstream quadrant, but its spectra remain markedly different; the separation-bubble flow has more high-frequency content, and less low, than the fully separated yawed configurations. Also evident in the latter are significantly raised levels around 90° and 270°, where the flow in the unyawed case was attached. Finally, in the downstream quadrant, all cases have high, and comparable, levels; even the unyawed flow separates at the trailing edge. This aspect changes markedly once the transition from belt to sidewall is complete (PT 27); now the yawed spectra are notably higher, due to the associated switch from attached to separated flow on this face. The differences persist to the upstream positions, where they are, if anything, even greater.
Transducer 28 shows similar characteristics to PT 27, but PTs 29-31, in the hub region, differ.
This is the area identified as weakly separated in the unyawed case, and the high-frequency levels are essentially unaffected by the departure to yawed flow. The low-frequency unsteadiness, however, is markedly higher, confirming the change in character of the separation.
Turning to the outboard leading edge of the windward wheel (PT 50 and PT 51), the spectra in the upstream arc show more clearly than the overall rms data that yaw diminishes the intensity of the leading-edge separation bubble. In the downstream arc yaw has little effect. This is true also on the 
Practical implications
The results presented here provide evidence of both progressive and abrupt flow-topology alterations in response to small departures from the unyawed configuration. In the former category are the changes to the wake structure downstream of the wheels, the evolution of a separation bubble on the inboard leading edge of the windward wheel, and the corresponding attenuation of this wheel's outboard-leading-edge separation bubble. In the latter are the transition from attached to separated flow on the outboard face of the leeward wheel, and the associated disappearance of its outboardleading-edge separation bubble.
All these alterations are likely to affect noise radiation, as they involve changes in the degree, extent, and characteristics of the unsteady surface pressures. The nature of the impact is uncertain, and may be counter-intuitive. For example, the yaw-induced separation on the outboard face of the leeward wheel leads to a marked increase in rms pressure, but much of this is associated with frequencies to which the ear is only weakly sensitive. (On the basis of a straightforward Strouhal scaling, full-scale frequencies would be approximately half those seen here.) On the other hand, the simultaneous elimination of the leading-edge separation bubble on this face affects rms levels over a much smaller region, but the reduction is associated with higher, more audible, frequencies. Hence, although yaw has increased the overall amount of separated flow, it might result in reduced noise levels. Finally, it must always be borne in mind that the link between surface pressures and far-field sound is complex. Even for an isolated gear, spatial correlations play an important rôle. In the real, installed, configuration, reflection and diffraction by other airframe components are also potentially important.
At this stage, it is worth recalling a key conclusion of the original study [1] : future work should aim to ascertain and reproduce boundary-layer states at full scale, because this detailed information is likely to have a significant bearing on the noise field. To this point can now be added the probable influence of boundary-layer state on the yawed-flow topology, given the sensitivity observed here.
More subtle Reynolds-number effects might also arise. For example, even if (as was claimed possible in Sec. II) the belt stagnation regions at full scale follow this experiment in being laminar, it seems unlikely that the angle at which the flow switches away from the unyawed topology will be independent of Reynolds number.
This raises the question of the extent to which the yawed configurations tested here are relevant. A preliminary analysis of hourly wind data from Heathrow airport shows that ground-level speed deviations in the range 5-10kt are extremely common. Acting normal to an aircraft flying at a typical landing speed in the region of 70m/s, these would induce 2-4° yaw. At higher altitudes on the approach, somewhat greater values could apply. Hence it appears that the large-scale flow-topology changes reported in this work could occur in practice, and therefore that yaw should be one of the parameters considered in landing-gear noise studies.
4 Conclusions This paper has described the effect of yaw on wind-tunnel measurements of landing-gear surface pressures. The landing-gear model is a simplified representation at quarter-scale; the Reynolds number is approximately one-tenth of full scale.
The key finding is that small yaw angles lead to large changes in flow topology. The most notable are on the outboard face of the leeward wheel. Without yaw, the flow is largely attached downstream of a leading-edge separation bubble. For both yaw angles tested -5° and 10° -the flow separates irrevocably at the leading edge. The corresponding region on the windward wheel is less obviously affected, but the degree of leading-edge suction reduces and a weak hub separation is eliminated.
There are also modifications to the flow between the wheels, and to the wake. Of the former, the most prominent is the development of a leading-edge separation bubble on the inboard face of the windward wheel.
Associated with these changes are significant alterations to the mean and unsteady pressure fields.
Furthermore, spectral analysis shows that the latter are manifested at frequencies that would be in the audible range at full scale. It is thus likely that the radiated noise would be similarly affected.
The extent to which quasi-steady yaw at the level investigated here is encountered in day-to-day operation remains uncertain. However, Heathrow wind data for 2016 suggest that 5° would not be an exceptional occurrence. Hence it appears that future work should always test, and document, the influence of yaw.
where is the frequency. Now d = d(log ). Hence, for two 'bins' with equal increments on the logarithmic frequency scale, the respective values of Φ( ) can be compared directly to assess their contributions to ! .
